This work aims to apply parametric design in order to minimize the embodied greenhouse gas emissions and 12 operational energy in a zero emission building in Oslo, Norway. An original generative workflow based on 13 parametric design was developed in the Grasshopper environment to conduct energy analyses such as solar 14 radiation and daylighting, and environmental impact analysis, in order to evaluate the embodied and operational 15 greenhouse gas emissions of the building. The workflow was generated in order to parametrically control several 16 building features while varying the building shape, the dimensions of construction components and the quantity 17 of materials. The process leads to the generation of shapes with the least environmental impact. The workflow 18 allows the modification of the initial shape of the Base Case by running iterative simulations through the 19
Introduction 29
The environmental impact of buildings on global energy demands and on greenhouse gas (GHG) emissions 30 released to the atmosphere has rapidly increased during recent decades. Over 40% of global energy consumption 31 and about 18% of GHG emissions are contributed by the building sector [1] . The current regulations to reduce 32 energy consumption, and thereby GHG emissions, from buildings have focused on the operational phase [2, 3, 33 4] . 34 An intensive focus on lowering the operational energy consumption in buildings during the past decade has 35 emerged. From next year, all new public buildings in Europe will have to be near-zero energy [2, 3] . However, 36 current legislation excludes the assessment and reduction of the embodied energy and the embodied GHG of 1
buildings. 2
The embodied energy and GHG emissions differ depending on the building design, the energy intensity of its 3 materials, the national energy mix and the quantity of materials used [5, 6] . This is in line with the consensus 4 reached in the International Energy Agency (IEA) Annex 57, 'Evaluation of embodied energy & CO2 equivalent 5 emissions for building construction', where the focus is on reducing environmental impacts from operational 6 energy use needs, with a parallel emphasis on reducing environmental impacts embodied in the building 7 materials and components [7] . 8 Methodological improvements have been made in recent years in developing and harmonizing the life cycle 9 assessment (LCA) method for buildings, including international standards such as ISO 21929 [8] , ISO 21931 [9] 10 and the European standards developed by Technical Committee TC350, including EN 15643 [10] and EN 15978 11 [11] . In these standards, environmental product declarations (EPD) of construction materials, which utilize a 12 process based on LCA methods, are seen as a source of information (i.e. ISO 21930:2007 and EN 13 15804:2012+A1:2013, both currently under revision) for GHG emissions calculation in buildings. 14 
ZEB as solutions for GHG emissions reduction 15
In response to the recast EPBD (Directive 2010/31/EU) [2] and, more recently, of the Energy Roadmap 2050 16 [12], the concepts of net zero energy buildings and zero emission buildings (ZEB) were realized to address and 17 meet the challenges of reducing energy consumption and producing energy from renewable sources in order to 18 reduce GHG emissions. A net zero energy building is defined as a building with high energy efficiency and 19 enough on-site renewable energy generation to cover its energy consumption on an annual basis. In this respect, 20 relevant contributions are included in a review and classification of definitions [13, 14, 15] , such as the work 21 done in the framework of the IEA 'Solar Heating and Cooling (SHC) Task 40 Net Zero Energy Solar Buildings ', 22 in which an updated state-of-the-art on zero energy buildings and their classifications have been provided based 23 on a study of 30 net zero energy buildings worldwide, which were analyzed and monitored for at least 12 months 24 in order to define best practice and to develop design and energy guidelines [16, 17, 18, 19, 20] . Other studies 25 include more detailed definitions, for example in Marszal et al. [21] , an overview of existing net zero energy 26 definitions is provided, while Sartori, Napolitano, and Voss [22] propose a consistent framework in their 27 definitions work. 28 Methodologies for calculating the performance of ZEB buildings are described in Marszal et al. [21] . In 29 particular, some existing definitions explicitly integrate elements of LCA, as seen in [23] and [24] . The work 30 conducted by Torcellini et al. [14] proposed a categorization of zero energy buildings into four clusters based on 31 boundary conditions, performance and metrics. Among these, some net zero energy emissions buildings are 32 identified-capable of producing at least as much in situ emissions-free energy as is required to meet their 33 operational energy use demands. In Lund et al. [25] , the zero energy and zero emissions buildings are grouped 34 according to energy demand and installed systems for energy production. 35 During the past few decades, the use of LCA to evaluate the environmental impact of materials is becoming 36 increasingly common. Life cycle assessment is a method for evaluating potential environmental impacts and 37 resources used throughout a product or system's life cycle [26] . The standard EN 15978:2011 [11] divides the 38 life cycle stages of a building into the following stages: product stage, construction stage, operational stage and 39 the end-of-life stage. This method was demonstrated and applied in several studies in literature [23, 27, 28, 29, 40 30, 31, 32, 33] . There is considerable evidence to show that current calculation approaches, methods, indicators 1 and data still continue to vary greatly across the world [34, 35, 36, 37, 27, 38] . For example, the results of a 2 detailed comparative analysis of over 80 international case studies show a high variability (up to 100 times) of 3 embodied GHG emissions due to methodological differences employed in the LCA. These differences include 4 the LCA method used, the system boundaries, the assumed future scenarios for the service life of materials and 5 end-of-life treatments, the reference study period, and the source of data, as described in [5] . 6 LCA results are found to be inconsistent and vary according to the settings, approaches and findings-which 7 differ from country to country [5, 39] . Furthermore, the study by Säynäjoki et al. [34] corroborates the high 8 divergence in results from 116 cases from 47 scientific articles which were analyzed to find out whether these 9 differences can be explained by contextual differences or methodological choices. It was concluded that 10 subjective choices in all the major LCA phases are so significant that they do not offer reliable enough 11 background information for policy-making without a deep understanding of the basis of a certain study, as well 12 as a good methodological knowledge. In addition, incomplete reporting of methodological detail and the 13 parameters of LCAs makes it challenging for experts in the field; there is also a lack of explanation for the 14 variance in the LCA studies reviewed. In addition, Birgisdottir et al. [5] found a large variation in the life cycle 15 included in the LCA of the different case studies, which also correlates well with the findings of Pomponi and 16
Moncaster [37] . One of the key findings of Georges et al. [27] , is the significant influence of the different 17 scenarios for CO2-eq factors of the electricity supply on the performance of ZEB buildings. In particular, the 18 introduction of a 'symmetric' emission factor, which means that the same CO2-eq/kWh factor for both export and 19 import of electricity has been used. 20 The study here presented aims to propose a new approach for the investigation of the variation of the 21 embodied and operational GHG emissions due to the different building's input parameters (e.g. materials, 22 technologies, components, etc.) and dimensions (e.g. shapes, positions and size of the windows, etc.) for 23 optimizing the design of a ZEB located in Oslo (Norway). The approach is focused on multi-objective 24 optimization of passive and active strategies, as well as the assessment of embodied and operational emissions 25 throughout the design process. 26
The ZEB and LCA framework in Norway 27 In Europe, the assessment of sustainable buildings throughout their whole life cycle is not regulated by any 28 policy measures. The Norwegian government introduced the concept of low-energy buildings through the 29 technical regulations of Norwegian Standards NS3700 [40] and NS3701 [41] . 30 In addition, a Norwegian ZEB definition, including the different ambition levels, was introduced in [42, 43, 31 44] . According to Dokka et al., the Norwegian ZEB focuses on GHG emissions rather than energy; therefore, 32 their performance indicator is measured in kgCO2-eq [42] . The ambition levels of ZEB are based on the LCA 33 system boundaries defined in EN 15978 [11] and described in [42, 43, 44] (as shown in Table 1). The lowest  34 level, ZEB-O-EQ, indicates a building characterized by an emission level of zero for operation (O), excluding 35 the energy required for appliances and equipment (EQ). The ZEB-COM class also includes construction (C), 36 operation (O) and the embodied emissions of a building's materials (M). Finally, the ZEB-COMPLETE level 37 takes into account all the previous stages, as well as the demolition and recycling phases. 38
Previous publications have already reported on the performance of the first-stage Norwegian ZEB residential 39 concept model [27, 45, 46] . The goal was to create a theoretical concept model for a single-family ZEB, based 40 on technologies and materials currently available in the market today. As described in [45, 46, 47] , the results 1
show that the concept model is able to counterbalance emissions from operation energy use, ZEB-O. However, 2 it is unable to counterbalance the embodied emissions from materials in additional to operational energy use, 3 ZEB-OM. Therefore, the approach developed in this paper aims to reach the level of ZEB-OM by creating a 4 workflow based on parametric design principles that is able to maximize the energy production from active solar 5 systems and minimize the embodied emissions and operational energy demand. 6 Table 1 . ZEB classification [42, 43, 44] according to the building life cycle phases [11] . 
, EQ (appliances and equipment), M (material), C (construction)
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The symbol  indicates the boundary conditions used to achieve the different levels of ZEB.
9

Parametric approach to emissions calculation in ZEB 10
Parametric design principles describe a parameter-driven approach to the design process in which everything 11 that can be designed is represented by parameters. In this study, this approach mainly focuses on the definition of 12 a workflow that enables generation of an optimized building's shape throughout a form-finding process by 13 varying the building's input parameters and dimensions throughout the various stages of the design process. The 14 approach starts from the formation of a building concept and finishes with the definition of building form, with 15 parametric optimization of the building's features and components [48] . The advantages of a parameter-driven 16 approach are well-documented in literature [49] . It enables a multi-objective optimization processes that can 17 define optimized building shape configurations by testing different solutions, simultaneously and automatically, 18 without having to manually build the design detail of the building model each time that one of more parameters 19 are modified. At building scale, the parameters that may enable the optimization of the building's shape could 20 include, among others, the building features' dimensions and peculiarities (e.g. volume, height, width, length, 21 orientation, etc.), the building's construction elements (e.g. window dimensions and positions, inclination of 22 roof, exposure of the façades, etc.) and the building's energy (i.e. energy consumption, energy demand and 23 production) and environmental impact (e.g. quantity of materials, embodied emission, operational energy) The 24 workflow defined in this study has taken into account all of these aspects and has applied them to a case study 25 building in order to control and optimize (parametrically) its shape, energy performance and environmental 1 impact. Similar approaches have been adopted in other studies. For example, the research conducted by Yun Kyu 2 [50] proposed a method to represent geometry by implementing agent points (nodes) showing a novel solution 3 for form-making. The results demonstrated how the proposed workflow enables more-efficient buildings, with a 4 higher amount of solar radiation caught by the building envelope. A similar approach has been developed by 5 Lobaccaro et al. [51] . By contrast, the study carried out by Zani [52] describes a generative algorithm for 6 handling variable hypotheses on user occupancy that can influence building energy performance (Table 2) . 7
Recently, the use of parametric tools has also been adopted for the calculation of a number of other 8 performance aspects other than solar radiation, such as emissions from operational energy and embodied GHG 9 emissions from materials. It should be noted that the system boundary considered in the LCA will differ based 10 on the tools used and the purpose of the study in which the tool is applied. Many tools performing parametric 11 analyses on the aforementioned performance aspects already exist on the market but none exist that dynamically 12 link robust and reliable ZEB emissions data with other data in relation to energy or the interoperability with 13 other digital environments, such as the Revit BIM model. In particular, some studies led to the development of 14 new methodologies that enable the integration of two or more energy and/or environmental assessments [53, 54, 15 55] (Table 2 ). Nevertheless, it become increasingly necessary to develop a parameter-driven approach to conduct 16 fast and simplified LCA analyses during the early stage of the design process by integrating "calculation sheets" 17 (e.g. Excel or online databases) with 3D modeling software such as Rhinoceros or Revit. In this regard, Kokkos 18 [56] developed a set of components for Grasshopper that enable LCA analysis of an industrial steel-framed 19 pavilion, while visualizing the geometry variations in real time. The research conducted by Hollberg [57] 20 achieved similar results and extended the algorithm to all the building's components, not just the frame. Even 21 with the introduction of an evolutionary solver for the optimization of the building's shape, it did not enable free 22 control: only minimal control was possible through a few parameters, such as the number of levels and the 23 building footprint. In this regard, an overview of important recent studies is provided in Table 2 . From the 24 analysis of the existing workflows, it was revealed that none of them allow the simultaneous optimization of (i) 25 embodied emissions (ii) solar radiation (iii) daylighting and (iv) buildings shape. 26 Therefore, based on this gap in existing literature concerning the workflows for LCA calculation and multi-27 objective optimization, the purpose of this work is to develop a workflow that enable the concurrent optimization 28 of all these aspects. 29 
Lolli et al. [53] 2017 Norway ZEB residential single-family house 
Methodology 1
The aim of this work is in line with one of the key questions identified as further work in the IEA Annex 57: 2 'What are the possibilities for new calculation methods and 3D models that can better consider embodied 3 impacts both early on and throughout the design process' [7] . In order to address this question, the work 4 presented in this paper has focused on developing an original parameter-driven approach based on an integrated 5 design principles workflow applied to a ZEB concept model, herein referred to as the Base Case. The workflow 6 enables energy analysis by studying factors such as solar radiation (Irrgl) and daylight factor (Df), as well as 7 environmental impact analysis, such as LCA analyses, by evaluating embodied emissions (Ee) and operational 8 emissions (Oe). In Figure 1 , the flowchart (described in detail in the following sections) shows the workflow, 9
indicating the input data used and analyses conducted, using specific tools at each stage of the design process. 10
The process leads to the continuous generation of optimized building shapes with minimized energy use and 11 environmental impact. 12 1 Figure 1 . Flowchart of the methodology of the study: the top part shows the plan while the bottom part shows the tools used to control the geometry (Gm) and deal with the related environmental analyses such as 2 embodied energy (Ee) and operational energy (Oe) as well as the energy analyses, such as solar radiation (Irrgl) and daylight factor (Df), conducted in each stage.
3
The ZEB case study building 1
The process was applied to a single-family house concept building in Oslo (Norway) (Figure 2 ) which aims to 2 reach the ZEB-OM level [45, 47] . This concept building was used as the Base Case in this study. 
11
The window openings account for an area of 36 m 2 , which cover 35% of the façades, while the windows' 12 door-to-floor ratio is 22.5%. The characteristics of the construction of the Base Case are detailed in Table 3, and  13 the embodied emissions for its construction materials are listed in Table 4 . The values of the energy 14 consumptions and GHG emissions for appliances are summarized in Table 5 . 15 Table 3 . Specification of the U-value of the different components of the ZEB concept building's envelope. The energy requirements are covered by an air-to-water heat pump that couples solar collectors on the façade 4 with a PV system installed on the flat roof. The selected PV system is oriented in a southerly direction at a tilted 5 angle of 40 degrees ( Figure 2 ). Vacuum tube solar collectors are integrated on the vertical south façade. The total 6 solar thermal production has been estimated at more than 3,300 kWh/a for a PV system area of 8.3 m 2 . The total 7 production of the PV system, which covers 69 m 2 of the roof, can reach more than 11,000 kWh/a. The air 8 handling unit is located in a storage room on the first floor with exhaust grills and air intake on the northern 9 façade. 10 Table 6 . Specification of the HVAC systems [46] . The air handling unit is characterized by a rotary wheel exchanger with an efficiency of 85%, which allows 17 the conventional electric heating coil to be omitted. The heating system is hydronic and is characterized by two 18 different types of terminals: a heated floor in the bathroom and in the entrance, one for each floor. The 19 specification for the heating, ventilation and air conditioning (HVAC) systems are summarized in Table 6 . The 20 water temperature in the hydronic system is set to 45°C and the seasonal performance factor is 2.25. The solar 21 thermal system is connected to a water tank, thus helping the heat pump to cover the thermal load. A 22 photovoltaic system is installed on the roof to balance the emissions given by the building's energy use for space 23 heating and appliances. The total energy demand for lighting during a year was set equal to 7.6 kWh/m 2 , while 24 In the initial stage (stage 0), the Base Case and the entire load-bearing structure, building structural 4 components (i.e. pilots, slabs, external and internal walls, roof and basement), technological elements (i.e. doors, 5 windows and internal walls) and material layers were modeled with the graphical algorithm editor Grasshopper 6 [67] and are controlled parametrically. At the end of this stage, the analyses of embodied emissions, daylight 7 factor and global solar radiation were conducted on the Base Case. The outcomes were used as reference values 8 in the following stages of multi-objective optimization. 9
Stage 1: correlation between structural solution and material quantities 10
In stage 1, the process focused on the optimization of the structural solution and material quantities by 11 maintaining a constant volume for the Base Case house. 12
Three different construction systems were selected with main materials such as autoclaved aerated concrete 13 blocks (i.e. Ytong), clay bricks and timber frame ( Table 7 ). The embodied emission factors for the materials 14 were extracted from the Norwegian Environmental Product Declarations (EPD) where available, otherwise from 15 the Ecoinvent LCA database. In this research, a dedicated generative algorithm, that constitutes one part of the 16 whole workflow, was developed to conduct an LCA parametrically through the Evaluate component tool in the 17
Grasshopper environment. The development of the LCA algorithm allowed several material properties to be 18 managed and enabled evaluation of the environmental impact of each material and technology on the resulting 19 embodied emissions and operational energy. In order to conduct LCA assessments, it was necessary to 20 individuate the functional unit and the calculation boundaries. The system boundaries used for the LCA 21 calculation in this study refer to those defined in the EN 15804; specifically, the stages A1-A5, B4, and B6 have 22 been used (Table 1) . Phase B4 (replacement of building components) applies to the PV system only, which is 23 assumed to have a service life of 30 years. The functional unit-to which all the energy and environmental 24 impact calculation refer-is 1 m 2 of heater surface area (HFA). The building lifetime was set to 60 years, in 25 accordance with the Norwegian Standard 3940:2012 [68] . That part of the workflow that relates to LCA was 26 coupled to the first part of the workflow-the part which controls the variation of the building's geometry and 27 the building's components (walls, roof, slabs, windows etc.), which are constituted by different material layers 28 (see Table 7 ). The interface of the resulting workflow is divided into three main generative algorithms, capable 29 of parametrically controlling input data such as (i) building geometry (number of floors, length, width, 30 orientation, room height, window to wall ratio, etc.), (ii) properties of the material layers (e.g. thickness, volume, 31 density) and (iii) physical and environmental materials' features (functional unit, product service lifetime etc.). 32
The first step of the analysis was related to the calculation of the volume of the building components such as 33 walls, roof and slabs, which are constantly updated during the optimization process and are multiplied by the 34 density of the materials, before being converted into carbon emission by multiplying by the kgCO2-eq/kg factor 35 from specific data (Norwegian EPDs) or generic data (Ecoinvent, SimaPro databases, etc.). A different 36 procedure was developed for those elements that cannot be measured by Grasshopper's components. For 37 instance, the heating system was included in the calculation by considering the components (boiler, heat pump, 38 radiator, etc.) and their environmental impact. The embodied emissions, expressed in kgCO2-eq/kg or m by Design Builder can be grouped into a number of categories: geographic (i), geometric (ii), physical (iii), and 5 user-related (iv) ( Table 8 ). The location was set by defining the EnergyPlus weather file (.epw) for Oslo and 6
evaluating the boundary conditions of the model in terms of temperature and solar loading [70] . The ZEB 7 emission factor for the electricity grid mix used in the Base Case model was 0.132 kg CO2-eq/kWh [71] . The 8 geometric model was coupled with information concerning the materials (Table 3 ) and the building elements 9 (Table 7) . The analyses enable the thermal capacity of the building envelope to be assessed, as well as the heat 10 gains and losses through it. Furthermore, the total emissions balance and impact on embodied emissions of 11 materials, as well as emissions from operational energy use were determined for the building's lifetime. The 12 operational emissions (which contribute to the emission balance) have been taken into account in the calculation 13 as well as all the energy systems (heat pump system, fans and pumps, lighting, appliances etc.) installed in the 14
Base Case. Similarly, the avoided emissions due to PV system energy production in situ were measured by 15 applying the same weighting ZEB emission factor (symmetrical approach). All the values were included in the 16 emissions balance in order to determine the ZEB emissions level at the different stages. 17
Stage 2: active and passive strategies 18
The workflow of this stage was focused on the multi-objective optimization process applied to the building's 19 shape in order to enhance (i) passive and (ii) active strategies for the ZEB concept building. 20
For the active strategy, the orientation of the Base Case model was optimized in order to increase the global 21 solar radiation incident on the building envelope and to improve the energy production from the PV system. The 22 optimal building orientation was achieved by using the Ladybug [72] open-source plugin for Grasshopper, 23 which uses a standard (.epw) file. A set of iterative solar radiation simulations were conducted by varying the 24 orientation of the buildings-ranging from 0° (North) to 180° (South). This set of simulations were performed 25 using Galapagos, an evolutionary solver for Grasshopper, which allows the optimization of one objective 26 function, defined as 'fitness', each time, by automatically varying the values of the selected parameter, defined 27 as 'genome', which represents the parameters' variations (genes). In this case, the orientation of the building was 28 varied, as a selected genome, in order to obtain the maximum global solar radiation (fitness) on two contiguous 29 façades of the Base Case concept building. The same methodology was used for the passive strategy by setting 30 the adequate level of daylight factor (Df ≥ 2.5%) as 'fitness' in Galapagos to obtain the minimum amount of 1 glazed surface. To achieve this, the size and the position of the windows were defined as genes. In order to 2 control and manage these parameters, the building envelope was divided into heterogeneous cells by using the 3 Substrate component [73] for Grasshopper. 4 Table 9 . Set of 'rtrace' parameters used in the Radiance-based simulations for Df analysis. The set of Radiance simulation parameters (Table 9 ) was chosen by referring to similar studies in literature [76, 21 77] , while Radiance primitives were set to simulate typical Norwegian indoor materials (Table 10) Octopus works with genome and fitness but it also allows optimization of several objective functions 33 simultaneously within a single multi-objective optimization process. It starts working by creating an initial 34 population of optimized building shapes through multiple-crossovers mutations and with random combinations 1 of genes. The best solutions that meet the fitness criteria are then selected. The optimization process runs until 2 the final population of optimized building shapes solutions has been generated. 3 Table 11 . Set of 'rtrace' parameters used in the Radiance-based simulations for grid-based radiation maps analysis. In this study, Octopus was employed to control specified coordinates, corresponding to the definition of the 5 geometry of the building; these were managed in order to generate the most responsive configurations in terms 6 of both global incident solar radiation and embodied emissions (fitness). The shape of the Base Case concept 7 building was modeled following a parametric approach, which enabled several building shapes to be obtained by 8 varying input parameters (i.e. control-point coordinates) to optimize solar radiation and to minimize material 9 quantities and embodied emissions. Finally, the calculation of annual global solar radiation incident at the 10 building envelope was estimated using the Ladybug software tool. Iterative grid-based radiation map analyses 11 were performed by setting 'rtrace' parameters in Radiance (Table 11 ) to values found in similar previous studies 12 [78, 79] . Regarding the LCA of the Optimized Base Case, the same workflow described in stage 1 was also used 13 in this stage, while the operational energy was estimated in Design Builder. 14
Results and discussion 15
The results are organized in the same aforementioned sequence of stages, in order to better estimate the 16 impact of each stage in terms of energy emission balance between energy production through active systems 17 (such as photovoltaic (PV) panels) and operational emissions. (Figure 4a ). Nevertheless, these blocks enabled the lowest 29 value of embodied emissions on the outer walls (6,915 kg CO2-eq) given their low thermal conductivity (0.21 30 W/m K) which obviates the need for a thermal insulation layer that is required in the other solutions. This means 31 that for the outer walls only, the autoclaved aerated concrete block solution led to 57% reduction in emissions 32 compared to those given by the Base Case (Figure 4b) . 33 * This includes all of the elements that are not specified on the other three classes, such as photovoltaic panels, foundation and systems. The lowest embodied emissions were achieved with clay bricks, resulting in emissions of 78,500 kg CO2-eq 5 (8.18 kg CO2-eq/m 2 HFA per year). These values are close to those given by the timber frame construction 6 (78,700 kg CO2-eq equal to 8.20 kg CO2-eq/m 2 HFA per year). Considering the incidence of embodied emissions 7
given by the outer walls, it was found that for a timber system, the GHG embodied emissions are 18% less 8 (8,700 kg CO2-eq) than those given by using clay bricks (10,300 kg CO2-eq). Furthermore, the fact that timber is a 9 more locally available material in Norway represents a significant advantage in relation to the emissions from 10 production (due to the low-carbon grid), and from transportation (due to the close proximity to the site of the raw 11 materials' production). Based on these findings, the timber frame model was selected to be further analyzed in 12 the next stages of the multi-objective optimization process of this study. 13
Stage 2: Optimized Base Case 14
In stage 2, the process was focused on the optimization of active and passive strategies in the Base Case. The results of the analyses indicated that the best-optimized orientation corresponds to the orientation 1 northwest-southeast, which is given by a rotation of the plan about 51° from the horizontal direction (0°), as 2 shown in Figure 5 . 3 
5
** Chosen in accordance with specific regulation and best practices in Norway.
6
The optimized orientation allows for 194,000 kWh/a of total global solar radiation on the building envelope: 7 77,000 kWh/a is incident on two contiguous façades oriented southwest and southeast, while the other two 8 façades, oriented northwest and northeast, collect 33,000 kWh/a. A total of 84,000 kWh/a of solar global 9 radiation is incident on the flat roof. These outcomes are aligned with previous studies conducted at high latitude 10 [80, 81, 82, 83] . The total value of the global incident solar radiation on the two contiguous and most-radiated 11 façades, oriented southwest and southeast, is 10% higher compared to that of the Base Case north-south 12 orientation, which generated about 69,000 kWh/a. Some of the benefits of the optimized orientation manifest in 13 while still guaranteeing the required minimum value for daylight factor (Df ≥ 2.5 %) [84] (Table 12 ). These 24 results align with Norwegian best practice regulations for residential buildings. Furthermore, the lower quantity 25 of glazing in the Optimized Base Case allows for a consistent reduction of the building's energy losses. 26 However, this point highlights the importance of the role of the designer in considering the parametric solutions 27 in a complete and holistic design approach. In terms of carbon footprint, it led toward the reduction of both 28 embodied and operational emissions. In particular, embodied emissions (Ee) were reduced from 78 
5
The Base Case already has 69 m 2 of PV panels installed on the roof and vacuum tube solar collectors installed 6 on the façades; however, the ZEB-OM level is only achieved with the additional surface available for PV 7 systems. In this regard, a calculation of total surface of installed PV system required on the façades of the 8
Optimized Base Case in order to achieve the ZEB-OM level has been conducted (Figure 6a ). The total net 9 available area for installing the PV systems considered the contiguous façades southwest and southeast suitable 10 accounts 105m 2 . Table 13 summarizes the variation of the emission balance according to the percentage of 11 covered PV panels on these façades. 12 
15
In this calculation, the variation of the embodied emissions (Ee) due to the PV panels has been included. In 16 the Optimized Base Case, by adding 45 m 2 of PV panels on the two most-radiated and contiguous façades 1 (Figure 7) , it is possible to counterbalance the sum of embodied emissions for the building materials and 2 emissions from operational energy with the on-site energy production (Figure 6b) . The outcomes from the previous stage regarding the best orientation were used as a fixed input in stage 3, 8 which is focused on the optimization of the building's shape. A series of iterative analyses were performed, 9 using the Octopus evolutionary solver, in order to achieve the optimal shape for the multi-objective functions, 10 relative to the defined parameters. This shape would be the most environmentally responsive with the lowest 11 impact on embodied emissions from materials and operational emissions, as well as being the most energetically 12 productive. The Octopus software generated and compared a multitude of different model shapes, which were 13 grouped into generations of solutions. All the optimized outcomes, according to the multi-objective optimization, 14 have been graphically represented in Figure 8 , in which the ten best-optimized shapes have been highlighted. In 15 Figure 9 . Graphical representation of the ten most-optimized shapes, converted into the common unit area and annualized to enable 2 emissions estimation. As in Figure 8 , the ten most-optimized shapes are shown by the square markers, while the most-optimal shape is 3 pinpointed by the triangular marker and dashed lines.
4
The selected best shapes results are clearly influenced by the sun's path in Oslo, which changes significantly 5 during the year. In fact, the sun height at noon in Oslo varies from around 55° in the summer to below 10° in the 6 winter. Indeed, the main surfaces were characterized by tilt angles up to 60° from the horizontal, which allows 7 the low sun-angle rays, typical at these latitudes, to be caught by the surfaces of the building's envelope. 8 Table 14 . Elevation of the optimized models carried out from the multi-objective optimization process developed with the Octopus 9 evolutionary solver. Therefore, the quantity of global incident solar radiation on the building envelope caught by the best-11 optimized shapes could vary from around 220,000 kWh/a (output 6 in Table 14 ) to 336,000 kWh/a (output 9 in 12 Table 14 ). The best-optimized shapes (listed in Table 14 ) provide significant improvements in terms of solar 13 global radiation, which varies from 14% (output 6) to 74% (output 9) compared to the Base Case (193,000 1 kWh/a). Among the best-optimized shapes, output 2 was chosen as the best Optimized Case by considering the 2 energy and environmental optimization as well as the design solution and the user implications in terms of usable 3 space. Of all the various outputs, this shape most successfully meets both the multi-objective optimization (i.e. 4 maximization of Irrgl and reduction of Ee) while also being suitable in terms of interior spatial distribution. The 5 shape of output 2 enables 234,500 kWh/a to be caught, which means an improvement of more than 20% in 6 comparison to the Base Case. 7 However, some adjustments were considered necessary in order to maintain the original spaces in the constant 10 heated volume (equal to the Base Case). By taking these adjustments into account, the final optimized shape 11 receives 273,500 kWh/a, thus enabling an improvement of more than 40% on the Base Case, as shown in Table  12 15. 13 It is worth underlining that this variation was an expected outcome, given that the heated volume of the 25 building was kept constant. One of the declared strategies to reach the level of the ZEB-OM was to maximize 26 the solar global radiation through the optimization of the building's shape. In this regard, the multi-objective 27 optimization process contributed to the creation of a new shape, characterized by improved exposure of the 28 entire building envelope, while also enabling an almost doubling of the available area for installing solar active 1 systems, from 69 m 2 in the Base Case, to 173 m 2 in the Optimized Case (Table 16 ). 2 
10
Even if the PV production is 20% higher than the Base Case, the total emission (Ee + Oe) is more than double 11 that of the Base Case (Figure 11b ). Therefore, in order to reach the level of ZEB-OM in the Optimized Case, a 12 total surface equal to 75% of the available area (equivalent to 130 m 2 ), should be covered by PV panels (Figure  13 11a). In terms of emission balance, this latter solution presents higher total emissions (Ee + Oe), equal to 21.7 kg 14 CO2-eq/m 2 HFA per year, compared to the Base Case, but the energy production from PV system is equal to 23. 5
Evolution of the shape and comparison between the stages 6
The optimization process described in this paper has demonstrated the suitability of a parametric design for 7 minimizing the GHG emissions of a ZEB. Stage by stage, the building's components were investigated and 8 optimized, with particular focus on embodied emissions, operational emissions, daylighting and global 9 irradiation. The results, presented and discussed in detail in the preceding paragraphs, are summarized in Table  10 17. 11 Table 17 . Overview of the results achieved through the optimization process described in this paper. Figure 14 , a comparison between the total emissions in the different stages is 6 presented: it is clearly shown that from stage 2, the optimization process increases the total emission given by Ee 7 and Oe (Figure 14a ). However, it has to be noted that from stage 2, the emissions released in atmosphere (Ee and 8 Oe) are counterbalanced by the energy production provided by the PV system (i.e. in the total emission balance 9 the energy production from PV system has been considered as avoided emissions by using the electricity-to-10 emissions conversion factor) (Figure 14b) -it is this which enables the level of ZEB-OM to be reached. 11 Firstly, it should be noted that the ZEB Base Case was originally designed as a generic concept model for the 18 local climatic conditions of Oslo (Norway), and the building was considered to be a detached house without any 19 urban surrounding. This is quite an important assumption, considering that the Norwegian national guidelines 20 [85] regulate the limitations of land use for the development plan of cities in Norway based on European 21
regulations [86] . Indeed, Norwegian municipalities are considering urban densification as a key issue for the 22 future. In this regard, one of the most relevant challenges in terms of planning for land management is to address 23 the anticipated future population growth. For example, some municipalities have planned a specific development 24 strategy to harmonize the design of the new districts with the city's current layout [87] . Therefore, municipal 25 guidelines for urban design and architecture [88] indicate that the main densification development strategy is for 26 a reduction in the number of detached houses and buildings that host only a small number of households. Data 27 regarding dwellings in Norway supports this trend by showing that, despite the majority of the population still 28 living in detached houses or in small buildings with four or fewer dwelling's, multi-dwelling buildings have seen 29 the largest rise in prevalence in recent years and they are filling out the existing voids in urban settlements [89] . 30 Related to this aspect, it is relevant to underline that in relation to urban densification, significant impacts on the 31 orientation and exposure of the building's façades need to be taken into account, given their significant impacts 1 on the variation of solar accessibility of the buildings and on the solar potential for the energy production from 2 the solar systems installed on the buildings' envelope. In fact, the presence of other buildings in proximity to the 3 analyzed one, may affect both the positions and geometry of the solar systems on the building envelope, as well 4 as the available solar potential radiation due to overshadowing and/or solar reflections caused by the presence of 5 the surrounding buildings. Previous studies have demonstrated that solar potential and PV localizations are 6 significantly influenced by urban complexity and density [90, 91] , as well as by the material finishes and colors 7 of the façades [78, 80] . Another limitation linked to the solar energy relates to the energy production derived 8 from the PV systems. In that regard, the calculation of the energy production in this study did not take into 9 account the energy losses given by the PV system, electricity conversion losses in the inverter, in the grid, and 10 due to the temperature at which the PV cells are operating. A paper by Good et al. [92] , has demonstrated that 11 combining modeling design tools (e.g. Rhinoceros and Grasshopper) with dynamic solar simulation software 12 (DIVA-for-Rhino, Radiance etc.) and dedicated tools for energy outputs estimation (PVsyst and/or Polysun), 13 results in a more complete and precise calculation of energy production from solar systems. In this way, all of 14 the critical aspects from the overshadowing effect, solar reflection and the energy losses from the systems and 15 the grid can be taken into account. 16 Secondly, in relation to the limitations of the LCA calculations, it has to be pointed out that they were 17 conducted using mostly generic data reflecting European average production (from the Ecoinvent database) due 18 to the limited availability of Norwegian EPD data at the time when this research was conducted. Since EPD data 19 refers to specific building materials that are produced in Norway, the use of these better reflects the 20 environmental impact of a building's location, such as Oslo, which was used in this study, and the Norwegian 21 ultra-low-carbon energy mix, which has lower GHG emissions per kWh (40 gCO2 per kWh in Norway compared 22 to ≥ 500 gCO2 per kWh in the rest of Europe [22, 71, 93] ) of electricity compared to the significantly higher-23 carbon energy mix in the European grid. For this reason, the use of generic data limits the representativeness of 24 the specific Norwegian conditions; however, at the same time, it allows for a wider comparison of the ZEB 25 concept residential building at the European level. As shown in [46] , the use of generic data instead of specific 26
Norwegian EPDs generally overestimates the building's embodied GHG emissions, depending on the type of 27 materials. In the case of the ZEB concept building, the use of generic data increases the total building embodied 28 GHG emissions by a factor of 1.3. 29 Thirdly, the choice of the electricity-to-emissions conversion factor (132 gCO2-eq/kWh, ZEB factor) is 30 particularly important, given that the ZEB residential concept is an all-electric building and it is calculated for a 31 lifetime of 60 years in the future. In Georges et al. [27] , the conversion factor for electricity was shown to 32 significantly impact the overall GHG emission balance of the ZEB concept. By using a very-low-carbon energy 33 mix (such as Norwegian internal electricity production), the avoided embodied emissions given by the PV 34 system never balance the embodied emissions of the building components and the PV system. Thus, a zero 35 emissions balance cannot be reached. Moreover, in such a scenario, the importance of the embodied GHG 36 emissions increases, as those attributed to operational energy use alone are marginal [27, 94] . In such a 37 perspective, the origin and the specific energy mix bounded in the building components acquire a critical 38 importance in order to achieve a low life cycle impact of the ZEB concept. 39 Fourthly, in this study, the replacement phase of the building elements (phase B4) has been applied to the PV 1 system only, in contrast to the Base Case, which additionally accounted for replacement emissions of the 2 building materials, as described in [45, 46, 95] . This underestimates the life cycle GHG emissions, given that the 3 environmental impact of repetitive substitution of materials has not been taken into account. Some finishing 4 materials (such as external paint and plaster) and elements of the heating and ventilation systems are, in this 5 regard, likely to increase the building life cycle impact, given their short service life [96, 97, 98] . According to 6 Hoxha et al. [97] , the relative contribution to the total building GHG emissions of those building components 7 that undergo replacements, ranges from 5-10% for energy, sanitary, and electrical equipment, up to 10-20% for 8 finishing, windows and doors. 9
Fifthly, The transportation to the building site (phase A4, as in Table 1 ) was not included in the calculation of 10 the building's embodied GHG emissions; this is likely to increase when the solution with the autoclaved 11 concrete blocks is used. One of the main disadvantages of this material, in terms of embodied emissions, derives 12 from its production on site, given that it is mostly produced in Germany, with consideration to the emissions 13 related to transport to the building site in Oslo. It should be noted that even though emissions from transport 14 (A4) have not been included in this study, they have been included in the other studies in the ZEB centre and the 15 IEA Annex 57 as described in [7, 55, 99, 100] . Mao et al. found that the impact of the transportation of materials 16 and components to the building site accounts for 10% of the emissions for the production of those materials, 17
given the use of diesel trucks and trains, for a distance up to 120 km from the production plants [101] . In such a 18 perspective, given an average distance of 1,200 km between Oslo and a generic production plant in central 19
Germany, the contribution of the phase A4 to the GHG emissions of the production phase (A1-A4 in Table 1 ) of 20 autoclaved concrete blocks may likely increase by at least 10%. 21 Finally, the proposed workflow allows the shape of the building to be changed parametrically by multi-22 objective functions. This process allows the geometry and the quantity of materials in the building components 23 to be automatically changed in real time. The same is not possible for the calculation of the operational energy. 24
In fact, every time that the shape of the building has been optimized, the geometry needs to be exported from 25
Grasshopper and imported into another computational environment in order to calculate the operational energy. 26 Therefore, a further development of this study could involve the use of compatible software working on the 27
Grasshopper platform, such as Archsim or Ladybug & Honeybee. However, because the latter software are 28 currently under development, at this stage of the study, more established software such as Design Builder, with 29
EnergyPlus as a computational engine, was selected. 30
Conclusions 31
This work presents an application of a generative algorithm in a workflow that has been applied on a ZEB 32
Base Case located in Oslo in order to (i) conduct performance-based form-finding through multi-objective 33 optimization and reduction of the quantity of the building's materials; and (ii) to perform energy and 34 environmental analyses to enhance energy performance (solar radiation and daylighting) and to reduce the resulting from each geometrical variation in the building design on both the embodied emissions of materials and 4 the operational energy, both early on and throughout the design process. More specifically, the application of the 5 methodology allowed the generation of a group of energy and environmentally responsive optimized shapes for 6 the defined climate conditions (Oslo, Norway in this study). The ten best shapes were then selected as being the 7 most suitable to exploit the solar potential at high latitudes. The building envelopes were optimized by 8 harvesting vertical surfaces (up to 60° from the horizontal). This aspect underlines that the developed workflow 9 would be able to deliver results particular to the climate of the geographical location in which the case study is 10 located. In this respect, this approach provides the designer with a valuable and integrated assessment 11 methodology that can be embedded in a holistic design approach. Furthermore, the approach has been developed 12 to be replicable in different worldwide climatic contexts in order to support designers, architects and engineers 13 when dealing with different architectural, aesthetic, and environmental challenges simultaneously and 14 dynamically during each stage of the whole design process. 15
